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Abstract 
The present study proposes a novel strategy for removing the adhesion layer from the tool surface and recovering the cutting tool performance 
without detaching the cutting tool from the machine tool; namely, an on-machine tool resharpening process, in order to address the issues 
related to the dry machining of aluminum alloys. A series of experiments clearly showed that the developed strategy employing the 
phenomenon of liquid metal embrittlement (LME) successfully removes the aluminum adhesion from the tool surface without damage to the 
tool substrate, and the resharpened tool shows excellent cutting performance nearly equivalent to its virgin state. 
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1. Introduction 
In recent years, the movement towards minimizing or 
eliminating the use of cutting fluids; namely near-dry/dry 
machining, is one of the most important challenges in the field 
of metal cutting, because the use of cutting fluids increases 
costs for waste disposal and environmental loads [1-3]. In 
particular, aluminum alloys are well known as critical 
materials with regard to dry machining [1, 2]. Without the use 
of any cutting fluids, these materials severely adhere to the 
tool surface and form a built-up edge due to their low melting 
point and high ductility, leading to deterioration of the surface 
integrity of the workpiece and tool failure. Therefore, a wide 
range of studies related to cutting tool technologies, including 
tool materials, geometry, surface coating and surface 
finishing, have been conducted. For instance, diamond-like 
carbon (DLC) coated tools are considered to be suitable for 
dry machining of aluminum alloys [4, 5]; however, a flooded 
cutting fluid is required in practical use to avoid adherence of 
aluminum chips to DLC-coated tools [6]. 
In contrast to the conventional approaches described above, 
other methods have been developed, such as on-machine 
cutting-edge forming or tool reconditioning processes, for 
maintaining performances of cutting tools without detaching 
the tool from the machine tool. These processes allow for not 
only increasing the life of cutting tools, but also reducing any 
positioning error due to tool exchange and the use of rare 
metals used as tool materials. Kurahashi et al. proposed a 
repeatable on-machine cutting-edge forming procedure using 
composite electroplating and electrolytic etching with a H2SO4 
electrolyte, and developed a prototype system for a milling 
machine [7, 8]. While at the same time, the researchers also 
pointed out a problem of their procedure that WC-Co 
cemented carbide tool substrate was consumed in the etching 
process [7]. On the other hand, Katahira et al. reported an 
electrochemical technique for reconditioning surfaces of 
polycrystalline diamond (PCD) tools used for silicon 
micromachining [9]. The result indicated that the process can 
successfully remove the surface contamination on the PCD 
tool and maintain the machining performance. However, the 
application of this method to the dry machining of aluminum 
alloys is difficult, because sodium hydroxide which was used 
as an anisotropic etchant for silicon reacts with aluminum 
alloys and produces flammable hydrogen gas. 
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In this study, a new strategy for the dry machining of 
aluminum alloys that can effectively remove the adhesion 
layer from the tool surface and recover the cutting tool 
performances without detaching the cutting tool from the 
machine tool; namely, an on-machine tool resharpening 
process, has been developed. The present paper discusses the 
concrete processes for removing the aluminum adhesion layer 
without damaging a tool substrate, and a series of cutting 
experiments was conducted to evaluate the feasibility and 
superiority of the newly developed resharpening process. 
2. Dry cutting performance of aluminum alloy 
2.1. Dry cutting experiments of aluminum alloy 
In order to investigate the basic machinability of aluminum 
alloys and influences of the adhesion layer on the cutting 
performances without the use of cutting fluids, face milling 
experiments with a WC-Co cemented carbide cutting tool 
(Sumitomo Electric Hardmetal Corp., SEKN42M: ISO K10-
type, Non-coated tool), which is used most extensively for 
aluminum alloys cutting, were conducted on an aluminum 
5052 alloy using a vertical machining center (Yamazaki 
Mazak Corp., AJV-18). The experimental setup is illustrated 
in Fig. 1. The center of the cutter was set on the center line of 
the workpiece. A dynamometer (Kistler Co., Ltd., 9257B) was 
set under the workpiece to measure three components of the 
cutting forces. Table 1 lists the cutting conditions. 
Figure 2 shows three-dimensional profiles of the tool rake 
face measured by using a stylus type profile instrument 
(Kosaka Lab. Ltd., Surfcorder SE3500K) after cutting for 180 
m, 900 m and 1800 m. Figure 3 shows SEM images (Hitachi 
Hi-Technologies Corp., TM3000) of the cutting tool before 
and after cutting for 1800 m. As shown in these figures, 
aluminum chip strongly adhered to the surface of the virgin 
tool as cutting length increased and formed an adhesion layer 
under the dry cutting condition. In addition, Fig. 4 and Fig. 5 
show changes in the cutting forces in the X and Y directions 
with respect to cutting length and shapes of removed chips, 
respectively. These figures indicate that the cutting forces 
gradually increased and the chip curl diameter became larger 
with an increase in cutting length, suggesting that the adhesion 
layer on the tool rake face degenerated the frictional property 
between the tool and the workpiece. 
 
Table 1. Cutting conditions 
Workpiece Aluminium A5052 Alloy   W 76 (mm) - L 210 (mm)   
Tool Cemented carbide K10, SEKN42M,  (Sumitomo Electric Hardmetal Corp.) 
Tool geometry 
Axial rake angle  
Radial rake angle 
True rake angle 
Corner angle 
Cutter diameter 
20 degrees 
-3 degrees 
12.4 degrees 
45 degrees 
80 (mm) 
Cutting speed 
Depth of cut 
Feed rate 
Cutting fluid 
380 (m/min); 1500 (rpm) 
3 (mm) 
0.12 (mm/tooth) 
Dry 
 
Fig.1. Experimental setup of face milling tests  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. 3-D profiles of rake face of virgin tool after cutting for 180 m, 900 m and 1800 m 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. SEM images of rake face of virgin tool before and after cutting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Changes in cutting forces in X and Y directions with cutting length when 
using virgin tool 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Shapes of removed chips after cutting when cutting length reached 180 m and
1800 m using virgin tool 
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2.2. Influence of adhesion layer on cutting performances  
In order to investigate the influence of adhesion layer on 
cutting performance, the tool’s cutting performance after the 
removal of the aluminum adhesion layer (henceforth denoted 
as the adhesion-removed tool) is evaluated. First, the cutting 
tool used in the previous section was soaked in sodium 
chloride aqueous solution for 1 h, and then, the aluminum 
adhesion was dissolved by electric corrosion as defined by 
Eq. (1) and Eq. (2). Although this phenomenon cannot be 
applied to actual on-machine resharpening process because 
the reaction rate is very low and NaCl solution has a corrosive 
characteristics, the adhesion layer can be removed without 
any damage to the tool substrate through the sequence of 
these reactions. Figure 6 shows 3-D geometry and SEM 
image of the tool rake face after the electric corrosion, and 
these figures indicate that the adhesion layer except for the 
undermost layer was clearly removed. 
 
Al ė Al3+ + 3e-    (1) 
 
2H+ + 2e- ė H2    (2) 
 
Fig. 7 and Fig. 8 show the changes in the cutting forces and 
shapes of the removed chip when using the adhesion-removed 
tool. As shown in these figures, it is confirmed that the cutting 
forces and chip shapes varied in the same manner as that of 
the virgin tool (see Fig. 4 and Fig. 5), suggesting that the 
cutting performance of the tool was fully recovered as a result 
of the removal of the adhesion layer. These results clearly 
indicated that the removal of the adhesion layer formed on the 
tool rake face is crucially important for maintaining cutting 
performances in dry machining of aluminum alloys. 
 
3.  Proposal of a novel tool resharpening process 
3.1. Physical method for removing adhesion layer 
In providing a technique for removing the adhesion layer, 
there are two possible ways; namely, physical and chemical 
removal processes. The conventional chemical removal 
process employing acid and alkali solutions to dissolve 
aluminum adhesion on the tool surface cannot be applied, 
because acid solutions such as hydrochloric acid slightly 
dissolve cobalt as a binder of a cemented carbide tool [10] and 
alkali solutions such as aqueous sodium hydroxide dissolve 
tungsten carbide [11]. Moreover, chemical processes are 
generally not acceptable in factories due to the hazardous 
characteristics of these solutions. Therefore, we first evaluated 
the possibilities for the physical removal process by using a 
scratch test device (Nanovea, Inc., Mechanical Testers). The 
tester has a diamond stylus with a spherical tip of 200 Pm 
radius. The constant stylus load of 1 N and 2 N were applied, 
and the scratching speed was 1 mm/min. 
SEM images and sectional profiles from points A to B in 
the SEM images are shown in Fig. 9. As shown in Fig. 9 (a) 
and (b), the adhesion layer was plastically-deformed by the 
stylus at the loads of both 1 N and 2 N, and the tool substrate 
 
 
 
 
 
 
 
 
 
 
Fig.6. 3-D profile and SEM image of tool rake face after electric corrosion process 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Changes in cutting forces in X and Y directions with cutting length when using
adhesion-removed tool 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Shapes of removed chips after cutting when cutting length reached 180 m
and 1800 m using adhesion-removed tool 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Adhered area (Load: 1 N)                 (b) Adhered area (Load: 2 N) 
 
 
 
 
 
 
 
 
 
 
 
 
(c) Tool substrate (Load: 1 N)               (d) Tool substrate (Load: 2 N) 
 
Fig. 9 SEM images and sectional profiles of scratch marks on adhered area and tool 
substrate 
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became exposed only under the higher stylus load of 2 N. On 
the other hand, the tool substrate made of WC-Co cemented 
carbide was also slightly deformed even under the low stylus 
load of 1N, as shown in Figs. 9 (c) and (d). These results 
suggest that it is difficult to physically remove the aluminum 
adhesion without damaging the tool substrate because the 
adhesion layer solidly adheres to the surface of the tool.  
 
3.2. Embrittlement method using liquid metal 
As shown in Figs. 9 (a) and (b), the presence of pile-up 
along the sides of the scratch path was observed, indicating 
that ductile plowing behavior occurred. The ductility of the 
adhesion layer is considered to be one of the reasons for 
making it difficult to remove the adhesion physically. On the 
basis of these considerations, we employed the phenomenon 
of liquid metal embrittlement (LME) as a way to reduce the 
ductility of the adhesion layer [12-14]. LME is a phenomenon 
where certain ductile metals experience drastic loss in tensile 
ductility or undergo brittle fracture in the presence of specific 
liquid metals. And it is well known that Al and Al alloys are 
embrittled by liquid gallium (Ga) due to the penetration or 
diffusion of Ga into the grain boundaries of Al and Al alloys 
[15, 16]. Although a tensile stress, either externally applied or 
internally present, is generally required to reduce ductility in 
the LME process, solid Al–liquid Ga system is an exception 
to this rule [14]. The method using liquid Ga is thought to be 
suitable for the on-machine resharpening process because Ga 
is harmless to the human body and easy to apply due to the 
specificity of LME; that is, only specific metals are embrittled 
by liquid Ga [12, 17]. 
Fundamental experiments involving the effect of LME 
were performed using liquid Ga of ı 4N (99.99 wt%) purity 
and aluminum A5052 alloy plates which were cut out from 
the workpiece. The liquid Ga was deposited on the surface of 
the aluminum specimens for 30 min at 60 °C. Two different 
contact conditions were adopted: one was left at rest and the 
other was applied using ultrasonic vibrations (28 kHz) while 
liquid Ga was deposited. After the deposition, the liquid Ga 
was removed with pure water. 
Figure 10 shows SEM images of each specimen and 
energy dispersive x-ray spectroscopy (EDX; JEOL Ltd., JED-
2300F) analyses indicating the distribution of Ga atoms. As 
shown in Fig. 10 (a), the Ga distribution was uneven without 
ultrasonic vibration, suggesting that liquid Ga did not 
uniformly penetrate into the Al specimen but partially 
solidified and adhered to the surface. On the other hand, it 
was confirmed from Fig. 10 (b) that Ga atoms were evenly 
detected from the whole surface of the specimen when 
applying ultrasonic vibration, as contrasted with Fig. 10 (a), 
which implies that LME of Al specimen occurred. This is 
attributed to the fact that the penetration of liquid Ga was 
promoted by the application of ultrasonic vibration, because 
inflow of liquid metal into microscopic cracks on the surface 
of the specimen was facilitated and contamination and/or 
oxide layer was removed due to the cavitation effect of 
ultrasonic vibration. In addition, Fig. 11 shows the result of 
scratch tests on the aluminum specimens, which were 
conducted under the same conditions as described in the 
previous section. As shown in this figure, many cracks were 
observed in the scratch mark on the Ga-deposited specimen 
(Fig. 11 (b)), while the untreated specimen was plastically-
deformed without any cracks (Fig. 11 (a)). Furthermore, we 
confirmed that liquid Ga never penetrates into the cemented 
carbide tool, neither WC grain nor Co binder, under any 
conditions. These results show that only the aluminum 
adhesion can be successfully embrittled by liquid Ga when 
applied in conjunction with ultrasonic vibration. 
 
3.3. Chemical wood machining process for removing embrittled 
adhesion 
In our proposed process, the embrittled adhesion layer is 
finally removed from the surface of the cutting tool by 
machining a chemical wood that is used for building a 
prototype on NC machine tools. As illustrated in Fig. 12, it is 
proposed that the adhesion layer can be removed along with 
discharged chips during the machining process. Furthermore, 
this process is thought to realize damage-free removal, since 
chemical woods have excellent machinability.  
To evaluate the adhesion removing capacity, cutting 
experiments on an acrylonitrile butadiene styrene resin based 
chemical wood (Sonix corp., Cycowood F) were conducted 
(Cutting speed = 100 m/min; Feed rate = 0.60 mm/tooth; 
 
 
 
 
 
 
 
 
 
(a) Without ultrasonic vibration 
 
 
 
 
 
 
 
 
 
(b) With ultrasonic vibration 
 
Fig.10. SEM images and EDX-Ga analyses of aluminum specimens after liquid 
gallium deposition with and without applying ultrasonic vibration 
 
 
 
 
 
 
 
 
 
(a) Untreated specimen                         (b) Ga-deposited specimen  
 
Fig. 11. SEM images of scratch marks on untreated and Ga-deposited specimens 
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Depth of cut = 3 mm). Figure 13 shows the SEM images of 
the tool rake face before and after machining of the chemical 
wood. As shown in Fig. 13 (a), it is confirmed that the 
adhesion layer cannot be removed only by machining the 
chemical wood without the LME process. On the other hand, 
Fig. 13 (b) indicates that the aluminum adhesion was 
completely removed when LME and chemical wood 
machining processes were used in sequence. Moreover, any 
damage such as tool wear or cutting edge chipping was not 
observed after the processes. These results show that the 
proposed processes are suitable for the tool resharpening 
process for dry machining of aluminum alloys. . 
 
4. Application of proposed on-machine resharpening strategy 
Figure 14 illustrates the proposed strategy. First, when 
performances of a cutting tool are deteriorated due to the chip 
adhesion, the tool is moved to an acetone bath for cleaning the 
tool. Second, the tool is moved to a liquid metal bath to 
embrittle the adhesion layer, and, the embrittled adhesion and 
remaining liquid Ga are removed by subsequent chemical 
wood machining. Finally, the tool is return to the original 
machining position and aluminum machining is continued. 
Appropriate construction of the described equipment would 
allow the performance of the above-mentioned process within 
the movable area of the machine tool spindle without 
detaching the cutting tool, and, consequently, on-machine 
resharpening of cutting tools would be realized.  
The proposed on-machine resharpening strategy employing 
the LME phenomenon was demonstrated by dry machining 
experiments on an aluminum A5052 alloy using a drill 
(Cutting speed = 100 m/min; Feed rate = 0.80 mm/tooth; 
Depth of hole = 10 mm). A 3 mm diameter drill which is 
made of WC-Co cemented carbide (DIJET, Co., LTD, SDS-
030 ISO K10-type, Non-coated tool) was used in the 
experiments. 
Fig. 15 shows SEM images of the top and the flute of the 
drill. Fig. 15 (a) indicates that the aluminum chips strongly 
adhered to both the rake face and the flute of the drill, after 50 
holes drilled. On the other hand, Figs. 15 (b) and (c) 
confirmed that the adhesion layer and the stuck aluminum 
chips were clearly removed through the LME (Fig. 15 (b)) 
 
 
 
 
 
 
 
Fig. 12. Schematic of chemical wood cutting process for removing embrittled 
adhesion 
 
 
 
 
 
 
 
 
(a) Without LME process                                                                                                   (b) With LME process 
 
Fig. 13. SEM images of the tool rake face with and without the application of the LEM process after chemical wood machining 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 Schematic of proposed on-machine resharpening process 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15. SEM images of drill after 50 holes drilled, LME process and chemical wood machining process 
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and chemical wood machining process (Fig. 15(c)), without 
any damage to the tool. 
Figure 16 shows the thrust forces in the drilling test, when 
drilling the first, 50th and 51th (the first hole after 
resharpening) hole, respectively. As shown in this figure, the 
thrust forces increased greatly after 50 holes drilling due to 
the severe aluminum adhesion as illustrated in Fig. 15 (a). 
However, after the resharpening process, the thrust force was 
decreased to the same level as that of the virgin state. These 
results clearly show that the proposed on-machine 
resharpening strategy employing the LME phenomenon 
successfully recovers the cutting performance of a cutting tool 
and allows for the reutilization of cutting tools in the dry 
machining of aluminum alloys. 
 
5. Conclusions 
In this study, we developed a novel strategy for removing 
the aluminum adhesion layer from the cutting tool surface and 
recovering the cutting tool performance during dry machining 
of aluminum alloys without detaching the cutting tool from 
the machine tool, namely, an on-machine tool resharpening 
process. The results of the series of machining experiments 
conducted provide the following findings: 
(1) In dry machining of aluminum alloys, aluminum chips 
strongly adhere to the surface of a cutting tool, which 
significantly deteriorates cutting performance. However, it 
was confirmed that the cutting performance can be recovered 
by removing the aluminum adhesion layer from the tool 
surface.  
(2) The physical removal of the adhesion layer without 
damage to the tool surface is extremely difficult because the 
adhesion layer solidly adheres to the surface and maintains the 
ductility that is inherent in aluminum alloys. On the other 
hand, we found that the adhesion layer can be completely 
removed by employing the phenomenon given as liquid metal 
embrittlement. 
(3) A novel on-machine tool resharpening process was 
newly developed. A series of drilling experiments clearly 
showed that the developed strategy employing liquid gallium 
successfully removes the aluminum adhesion from the tool 
surface without damage to the tool substrate, and the 
resharpened tool shows excellent cutting performance nearly 
equivalent to its virgin state. 
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Fig. 16. Thrust force in drilling tests 
 
